MicroRNAs (miRNAs) are small noncoding RNAs that posttranscriptionally regulate gene expression. Hundreds of miRNAs are expressed in mammals; however, their functions are just starting to be uncovered. MicroRNAs are processed from a long hairpin mRNA transcript, down to a ;23-nucleotide duplex. The enzyme Dicer1 is required for miRNA processing, and mouse knockouts of Dicer1 are embryonic lethal before 7.5 days postcoitus. To examine the function of miRNAs specifically in the germline, we used a mouse model that expresses Cre recombinase from the TNAP locus and a floxed Dicer1 conditional allele. Removal of Dicer1 from germ cells resulted in male infertility. Germ cells were present in adult testes, but few tubules contained elongating spermatids. Germ cells that did differentiate to elongating spermatids exhibited abnormal morphology and motility. Rarely, sperm lacking Dicer1 could fertilize wild-type eggs to generate viable offspring. These results show that Dicer1 and miRNAs are essential for proper differentiation of the male germline.
INTRODUCTION
MicroRNAs (miRNAs) are a class of noncoding RNA that functions to regulate mRNA expression posttranscriptionally. When transcribed, miRNAs initially form a stem-loop structure that is sequentially processed down to a ;23-nucleotide duplex by two RNAse III endonucleases; first by RNASEN (also called DROSHA), then by DICER1 [1, 2] . Mature miRNAs negatively regulate gene expression by binding to complementary binding sites within their target gene. Perfect complementation between the miRNA and target site results in cleavage of the target transcript, whereas imperfect complementation leads to inhibition of translation and either destruction of the mRNA transcript, or possibly storage in cytoplasmic ''processing bodies,'' or P-bodies [3] .
Hundreds of miRNA genes have been discovered in both invertebrate and vertebrate species, many of which are highly conserved. Mutations introduced by forward genetic screens in invertebrates have revealed the functions of several miRNAs (reviewed in Maatouk and Harfe [4] ). Understanding the role they play in vertebrate organisms is likely to be complicated by the possible functional redundancy of related miRNAs; for example, 11 homologs of the miRNA let-7 have been reported in mice [5] . However, the deletion of three individual miRNAs has recently been shown to cause severe defects, stressing their biological importance [6] [7] [8] .
Mice homozygous for a Dicer1 mutation demonstrated that miRNAs are essential for embryonic development, as mutant mice failed to develop beyond 7.5 days postcoitus (dpc) [9] . Previously, we developed a conditional allele of Dicer1 to investigate the functions of miRNAs in specific tissues and cell types [10] . Using this approach, we and others have shown that miRNA processing by Dicer1 is necessary for the proper development of several tissues, including the lung, limbs, embryonic vasculature, and muscle [10] [11] [12] [13] . Here, we investigate the specific role of Dicer1 in the male germline.
The germline is unique compared with other cell lineages in that, in addition to miRNAs, it expresses another class of small RNA molecules called Piwi-interacting RNAs (piRNAs). The piRNAs have been found to associate with two members of the Piwi family of Argonaute proteins, PIWIL1 (MIWI) and PIWIL2 (MILI) [14] [15] [16] [17] . Like miRNAs, piRNAs are a small noncoding RNA, but they are more heterogeneous in size, ranging from 28 to 32 nucleotides. Although the function of piRNAs is not known, mice with mutations in Piwil1 or Piwil2 exhibit spermatogenic defects, suggesting an essential role for piRNAs and PIWI subfamily proteins during spermatogenesis [18, 19] . Another PIWI protein, PIWIL4 (MIWI2), also caused spermatogenic arrest when disrupted; however, it is not yet known whether Piwil4 interacts with piRNAs [20] .
Several labs have reported miRNAs that are specifically expressed in the testis [21, 22] ; therefore, in addition to piRNAs, miRNAs may also play an important role during spermatogenesis. In invertebrates, loss of endogenous miRNAs by mutation of Dicer1 (Caenorhabditis elegans) or Dcr-1 (Dicer 1; Drosophila) resulted in sterility or defects in germline stem cell maintenance, respectively [23, 24] . However, in zebrafish, loss of dicer1 did not affect germ cell development, but loss of Ziwi (a zebrafish Piwi homolog) resulted in a loss of germ cells [25, 26] .
In this report, we investigate whether Dicer1 and miRNAs play a role in mammalian germline development. We found that loss of Dicer1 specifically in the germline resulted in reduced male fertility due to abnormal progression through spermatogenesis. We observed an early decrease in germ cell number, followed by an impaired ability to transition from round to elongating spermatids. Finally, we observed defects in spermiogenesis, which resulted in abnormal sperm motility. These results support a role for Dicer1 in multiple stages of spermatogenesis, affecting both the survival and proper differentiation of male germ cells.
MATERIALS AND METHODS

Mouse Strains and Crosses
Dicer1
floxed (Dc flox ) mice, were previously described and maintained on a mixed background (C57BL/6, 129/SvJ) [10] . Tnap-Cre mice, also known as Alpl tm(Cre)Nagy , were previously described and were also maintained on a mixed background (ICR, 129/SvJ) [27] . . These males are referred to as ''mutant'' males. Homozygous Dc flox females carrying a Cre-inducible EYFP reporter knocked into the R26R locus (Gt(ROSA)26Sor tm1(EYFP)Cos ) were crossed to males to investigate Cre recombinase activity [28] . In all figures, Control refers to Dc flox /þ or Dc flox /þ; Tnap-Cre mice as removal of a single Dicer1 allele in the germline did not result in a visible defect (data not shown).
Testis weights were compared to age-matched littermates. Statistical analysis was performed on individual time points (Fig. 1C) using a paired ttest and found to be significantly different with a confidence interval of P , 0.01. To test for fertility, Dicer1 germline mutant mice were crossed to wildtype FVB mice. Matings were set up for at least 2 wk and checked for vaginal plugs daily to ensure pairs were actively mating. Animals were treated in accordance with the Institutional Animal Care and Use Committee.
PCR Genotyping
Tail samples from mice were genotyped using two sets of primers that were previously described [10] . Briefly, primers Dicer1F1 (CCTGACAGT-GACGGTCCAAAG) and Dicer1R1 (CATGACTCTTCAACTCAAACT) were used to distinguish between the wild-type (351-bp) and floxed (420-bp) alleles. To amplify the deletion allele (the floxed allele after it has undergone Cre recombination), primers Dicer1F1 and Dicer1Del (CCTGAGCAAGG-CAAGTCATTC) were used to distinguish the wild-type (1.3-kb) and deletion (471-bp) alleles. Polymerase chain reaction products were amplified using the following conditions: 1 cycle of 948C for 5 min; 35 cycles of 948C for 30 sec, 628C for 30 sec, and 728C for 45 sec; 1 cycle of 728C for 7 min.
RNA Extraction and Small RNA Northern Blot
RNA was prepared from testes of wild-type and mutant mice using Trizol, according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). Total RNA (30 lg) was run on a 10% denaturing polyacrylimide gel. Gels were prerun in 0.53 Tris basem boric acid and EDTA for 20 min at 250 V. Samples were mixed with loading dye (equal volume of 95% formamide with 0.09% BromoPhenol Blue and 0.09% Xylene cyanol FF) and incubated at 708C for 2 min, then placed on ice. Gels were loaded and run at 65 mA for 1 h. Semidry transfers were performed at 20 V for 1 h. Membranes (Hybond, Escondido, CA) were then ultraviolet crosslinked at 1200 3 100 lJoule and prehybridized Dicer1 IS REQUIRED FOR SPERMATOGENESIS in 25 ml ULTRAhyb-oligo (Ambion, Austin, TX) at 378C for at least 30 min. Probe was then added (;30 million counts), and membranes were hybridized overnight at 378C. The following day, membranes were incubated in prewarmed (378C) wash buffer (23 SSC; 0.1% SDS) three times for 30 min each at room temperature. Membranes were then exposed to film for at least 3 days.
Probes for small RNA Northerns were antisense to the mature miRNA or piRNA sequence and synthesized by Integrated DNA Technologies (Coralville, IA). The probe sequences (written from 5 0 -3 0 ) were as follows: miR-34b-caatcagctaattacactgccta; piR-1-aaagctatctgagcacctgtgttcatgtca. The control probe was complementary to U6. Probes were 5 0 end labeled with 250 lCi [c- 32 P]ATP using Polynucleotide kinase (New England Biolabs, Ipswich, MA) and purified using the Microspin G-25 columns (Amersham).
Histology
Testes were dissected, weighed, and fixed in Bouin fixative at 48C overnight. The following day, samples were dehydrated through an ethanol series, incubated in organic solvent for 10 min, and embedded in paraffin wax. Sections between 5 and 7 lm were stained for hematoxylin-eosin. GCNA1 staining was performed as previously described [29] .
Electron Microscopy and Sperm Motility Assay
Epididymides were dissected from wild-type and mutant males and fixed in Trump fixative (4% formalin: 1% glutaraldehyde in monobasic phosphate buffer, pH 7.2 [30] ). Samples were processed by the University of Florida Interdisciplinary Center for Biotechnology Research electron microscopy facility. For the sperm motility assay, epididymides were dissected into prewarmed (378C) PBS containing 3% BSA, and 1 ll was placed into chamber 
RESULTS
Loss of Dicer1 in Germ Cells Disrupts miRNA Processing
Previously, we generated a conditional allele of the Dicer1 gene [10] . In order to inactivate Dicer1 specifically in the germline, we used a mouse line that expressed Cre recombinase from the ALPL locus (referred to as TNAP hereafter) [27] . TNAP is expressed in primordial germ cells at 7.5 dpc, shortly after the primordial germ cell population is established [31] . Recombination of a transgenic reporter by the Tnap-Cre allele was first observed beginning at 9.5 dpc, during the early stages of germ cell development [27] .
To generate homozygous germline mutants, male mice carrying one copy of the floxed Dicer1 allele, and the Cre transgene (Dc flox /þ; Tnap-Cre) were crossed to females homozygous for the floxed Dicer1 allele (Dc flox /Dc flox ). Offspring homozygous for the Dicer1 deletion specifically in the germline were viable and indistinguishable from heterozygous and wild-type littermates (data not shown). The floxed allele of Dicer1 that we are using removes a single exon that is required for processing miRNAs, and should result in production of a smaller form of the DICER1 protein. Since there are currently no DICER1 antibodies specific to the deleted region of DICER1, we were unable to analyze altered DICER1 protein expression in germ cells of mutant mice. Therefore, we used the indirect method of analyzing miRNA levels to confirm that Dicer1 had been inactivated. To determine whether Dicer1 was effectively deleted from the germline, we examined miRNA processing in control and mutant adult testis samples. miR-34b was previously shown to be enriched in male germ cells [22] . A small RNA Northern blot comparing expression of the mature form of miR-34b between wild-type and mutant testis RNA samples showed decreased expression of the miRNA (Fig. 1A) , whereas expression of piR-1 was unaffected (Fig. 1A) . This suggested that miRNA processing, but not processing of a piRNA, was disrupted due to a loss of Dicer1 in germ cells.
Germline Dicer1 Mutants Are Subfertile
To determine whether mice lacking Dicer1 in the germline were fertile, homozygous Dicer1 germline mutant males were bred to wild-type mice. Mating pairs were checked for vaginal plugs daily for at least 2 wk. When mated to wild-type FVB females, control males consistently produced litters, averaging about 12 pups per litter. Mutant males exhibited a significant reduction in fertility, averaging less than one pup per litter (P , 0.03), suggesting that loss of Dicer1 leads to germ cell defects (Table 1) .
Dicer1 Mutant Males Exhibit Spermatogenic Defects
To investigate the cause of reduced male fertility, testis samples were collected from control and mutant males. It was immediately evident that mutant male testes were smaller than testes of wild-type and heterozygous littermates (Fig. 1B) . At all ages examined, testes of homozygous Dicer1 deletion males were, on average, 50% smaller than those of age-matched wildtype males (Fig. 1C) . For ages where sample groups were of Dicer1 IS REQUIRED FOR SPERMATOGENESIS sufficient size to perform statistical comparisons between littermates, control testes were larger than testes from corresponding mutant littermates (P , 0.01).
Histological examination of Dicer1 mutant testes revealed a complex phenotype. At 20 days after birth (P20), the testes tubules of wild-type males contained pachytene spermatocytes (Fig. 2, A and B) . Tubules of males homozygous for the Dicer1 deletion appeared abnormal, containing some pachytene spermatocytes, and with many germ cells having a condensed nucleus. Additionally, mutant testes exhibited numerous Sertoli cell-only tubules, which were rarely observed in wild-type littermates (Fig. 2, C and D) .
After completing the first wave of spermatogenesis, wildtype males contained tubules at all spermatogenic stages (Fig.  2, E and F) . Dicer1 mutant males, however, displayed abnormal tubules (Fig. 2, G and H) . Similar to testes of P20 mice, mutant adult testes contained numerous Sertoli cell-only tubules. Many germ cells had differentiated to round spermatids, however, compared with wild-type littermates, there was a decreased proportion of tubules containing elongating spermatids.
Germ Cells Lacking Dicer1 Can Differentiate into Mature Sperm
Although the appearance of the Dicer1 mutant spermatogenic tubules was abnormal, many tubules did contain elongating spermatids (Fig. 3, B and D) . This was surprising, considering the severe defect in fertility observed when Dicer1 mutant males were mated to wild-type females. Previous studies have shown that the Tnap-Cre transgene is approximately 60% efficient in recombining a Cre-inducible reporter in the primordial germ cells [27] . To determine whether the germ cells that differentiated to mature sperm were derived from primordial germ cells that did not express Cre recombinase, we crossed Dc del /þ; Tnap-Cre males to homozygous floxed Dicer1 females carrying an EYFP reporter transgene (Dc flox /Dc flox ; EYFP). Mutant males that carry this transgene express EYFP in all cells that express Cre. Wild-type testes from mice lacking the transgene did not express EYFP in any cells, as expected (Fig. 3, A and C) . However, Dicer1 mutant males expressed the EYFP reporter in elongating spermatids (Fig. 3, B and D) . Therefore, germ cells lacking mature miRNAs were capable of differentiating to late stages of spermatogenesis.
Sperm Lacking Dicer1 Exhibit Abnormal Motility
Male mice lacking Dicer1 specifically in germ cells were subfertile (Table 1) ; however, some germ cells were able to differentiate to elongating spermatids (Fig. 3) . Additionally, dissections of epididymides from mutant males contained sperm (Fig. 4 and Supplemental Movie 1, A and B available online at www.biolreprod.org). To investigate the cause of the fertility defect, despite the presence of sperm in the epididymis, we examined sperm motility. Sperm was collected from caudal epididymides, placed in chamber slides, and observed in real time under light microscopy. Wild-type sperm exhibited normal motility and morphology ( Fig. 4A ; Supplemental Movie 1A); however, sperm lacking Dicer1 appeared to have kinked tails and exhibited abnormal motion, often swimming in circles (Fig. 4 , B and C; Supplemental Movie 1B).
An ultrastructural analysis of sperm within the epididymis of germline Dicer1-deficient males showed several abnormalities. Compared with wild-type littermates, mutant sperm head and axoneme structures appeared relatively normal; however, tails were frequently oriented at right angles to the nucleus and were surrounded by excess cytoplasm (Fig. 5) . In contrast to the smooth helical arrangement of mitochondria in the midpiece of wild-type animals, Dicer1 mutant mitochondria appeared ruffled. These results suggest that mature miRNAs are necessary for differentiation of mature sperm and that disruption of miRNA processing leads to morphological defects, which impair sperm maturation and motility.
DISCUSSION
The essential function miRNAs play in development is becoming increasingly evident with the identification of developmentally regulated miRNAs and the phenotypes of several tissue-specific Dicer1 knockouts (reviewed in Maatouk and Harfe [4] ). We have investigated whether miRNAs play essential roles in development of the germline. By specifically deleting Dicer1 in primordial germ cells, we found that Dicer1 During the initial wave of spermatogenesis, testes were ;50% smaller than those of wild-type littermates and contained many Sertoli cell-only tubules, consistent with a decreased number of germ cells. Adult testes had a complex phenotype where many tubules contained round spermatids but lacked elongating spermatids, suggesting a defect in spermiogenesis. Some tubules, however, contained elongating spermatids, and sperm were present in mutant epididymides. Since the Tnap-Cre allele was previously reported to be ;60% efficient, the germ cells which proceeded past the round spermatid stage could have been a result of inefficient Cre recombination [27] . Hayashi et al. [32] recently reported that conditional removal of Dicer1 from the germline using TnapCre resulted in a phenotype similar to what we observed. However, they concluded that sperm produced in the mutant males was the result of inefficient Cre recombination, and that those sperm likely carry an intact floxed allele of Dicer1. Contrary to their results, using an EYFP Cre inducible reporter we found that germ cells lacking Dicer1 could proceed through spermiogenesis. It has been reported that some miRNAs are very stable and can function in a cell after Dicer1 activity has been removed [8] . In our experiments, Dicer1 was removed during midembryogenesis, which was about 3 mo before we performed our assays, suggesting that the mature sperm we identified in our mutants did indeed lack miRNAs. Mutant sperm were found to be misshapen and exhibited abnormal motion, suggesting that Dicer1 and mature miRNAs are important during this late stage of spermatogenesis.
Males carrying only one functional allele of Dicer1 (Dc flox / þ; Tnap-Cre) exhibited normal fertility. Although diploid germ cells would possess Dicer1 activity, 50% of haploid cells would inherit a recombined Dicer1 allele. Since these males passed the Dc del allele onto offspring, it appears that loss of Dicer1 during the haploid stages or spermatogenesis does not affect sperm maturation. This suggests that Dicer1 is required during diploid stages of spermatogenesis; however, we cannot rule out the possibility that DICER1 protein inherited by haploid cells plays an additional role during this stage of germ cell maturation. Interestingly, a small number of pups were born when Dicer1 mutant males were crossed to wild-type females, suggesting that Dicer1 mutant sperm are capable of producing viable offspring after fertilizing a wild-type egg. Based on these results, we conclude that although there was not a complete block at a single spermatogenic stage, Dicer1 function is necessary for proper spermatogenesis and male fertility. However, the ability of Dicer1 mutant sperm to form viable animals suggests that miRNAs are not required in sperm during the early stages of embryogenesis.
In mice, several single gene knockouts have been described which affect multiple stages of spermatogenesis [33, 34] . Since Dicer1 regulates the processing of all miRNAs, we have essentially affected many genes simultaneously. Therefore, the defects that we observe may indicate that miRNAs in the testis regulate multiple processes, or that different miRNAs may act during different developmental stages in the testis. Although we favor the hypothesis that the phenotype of the Dicer1-null testis results from a loss of mature miRNAs, we cannot rule out the possibility that Dicer1 has additional functions independent of miRNA processing [35, 36] .
Once processed by DICER1, mature miRNAs associate with members of the Argonaute family of proteins (reviewed in Peters and Meister [37] ). Argonaute proteins use mature miRNAs as guides for identifying target transcripts that will be posttranscriptionally silenced. A germ cell-specific subset of Argonaute proteins, the PIWI family proteins, was first identified in Drosophila. The mouse homologs of Drosophila PIWI, PIWIL1, and PIWIL2 associate with piRNAs in the testis [38] . The relationship between piRNAs and miRNAs is not yet understood. Interestingly, the germline Dicer1 phenotype resembles that of mice lacking Piwil1. In Piwil1 mutants, no elongating spermatids are present, and spermatogenesis is completely blocked at the round spermatid stage [18] . This is in contrast to the Piwil2 knockout phenotype, where spermatogenesis is blocked at an earlier spermatocyte stage [19] . In our Dicer1 mutants, round spermatids are the most differentiated cell type observed in most tubules, similar to Piwil1 mutants; however, some germ cells do complete spermiogenesis. Additionally, the Piwil1 mutant phenotype is first observed 4 wk after birth, when elongating spermatids are first present. This differs from the phenotype of germ cells Dicer1 IS REQUIRED FOR SPERMATOGENESIS lacking Dicer1, in which a germ cell defect is observed as early as P20. Therefore, although both Piwil1 and Dicer1 may function during the initiation of spermiogenesis, Dicer1 is also required earlier in germ cell development, where loss of Dicer1 compromises germ cell survival.
The transition from haploid spermatids to elongating spermatids involves a change in gene regulation where transcription and translation are uncoupled (reviewed in Braun [39] ). During this time, the chromatin is reorganized, and histone proteins are replaced with protamines. Transcription is repressed, and genes required during spermiogenesis are transcribed earlier in development and regulated at the level of translation. A germ cell-specific structure, termed the chromatoid body, is thought to be the site of storage for translationally repressed mRNAs (reviewed in Kotaja and Sassone-Corsi [40] ). Interestingly, PIWIL1, piRNAs, and DICER1 colocalize in the chromatoid body, suggesting that they may play a cooperative role in the translational repression of stored mRNAs [41] (reviewed in O'Donnell and Boeke [42] ).
In Piwil1 mutants, Dicer1 expression is unchanged; however, several mature miRNAs are downregulated [43] . Since Dicer1 is still functional in Piwil1 mutants, it suggests that Piwil1 may directly or indirectly be required following Dicer1 processing of miRNAs. We investigated whether piRNA expression was disrupted as a result of Dicer1 loss; however, piR-1 was expressed normally in both control and Dicer1-null testes (Fig. 1A) . This is consistent with data from Drosophila and zebrafish demonstrating that loss of Dicer1 does not affect the production of mature piRNAs. Since loss of Dicer1 does not lead to a complete block in spermatogenesis, such as is seen in the Piwil1 knockout, we conclude that loss of Dicer1 does not affect Piwil1 function.
Our data demonstrate a requirement for Dicer1 and miRNAs during spermatogenesis; however, it is not clear what causes the observed defect. If components of the chromatoid body function to store transcripts and delay their translation until they are needed during spermiogenesis, it is possible that miRNAs play a role in this delay of translation. Loss of Dicer1 may alter the timing of translation for these stored transcripts.
